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Grasslands in the Qinghai-Tibetan Plateau, as in much of the world, are increasingly
degrading due to exploitation for agriculture and grazing. Restoring such grasslands
or facilitating recolonization to create native late-successional communities requires an
understanding of how communities within grasslands are structured within a secondary
succession series. Here we studied community assembly using species abundance,
soil nutrient levels, three functional traits (photosynthesis rate, seed mass, and seed
germination rate) in two comparable chronosequences of sub-alpine grasslands in
the Qinghai-Tibetan Plateau. These grasslands range from “natural grassland” (without
human management), to those that have been excluded from agricultural exploitation
for 4-13 years. We were interested in shifts in functional trait diversity (FD; the value
and range of functional traits in a community) and trait dispersion represented by the
differences between observed FD and the expectation under neutral assembly. We found
that a number of abiotic and/or biotic filters significantly influenced the success of species
in different successional states, leading to systematic shifts in plant life history strategies,
from traits indicating high relative growth rates to traits indicating high competitiveness.
We also found comparable community assembly processes between 13-year and natural
grasslands, where hierarchical competition led to the exclusion of forb species by
graminoid species and facilitation induced by legume species. Our results have three
implications for degraded subalpine grasslands caused by agriculture exploitation in
Qinghai Tibetan plateau. First, in the course of the abandonment of agricultural use
and the return from degraded to natural grasslands, deterministic processes induced
a shift in plant strategies from rapid relative growth rate under low N competition
to slow relative growth rate under high N competition. Second, active seeding of
graminoid and legume species may reduce the hierarchical competition, which in turn
speedup recovery from agriculture exploitation. Finally, due to the close connection of
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functional attributes (e.g., growth, colonization, recruitment, and resource competition)
and community structure, monitoring FD and trait dispersion patterns may be a good
way to evaluate the restoration efforts in degraded grasslands caused by agriculture
exploitation in Qinghai Tibetan plateau.

Keywords: abiotic filtering, chronosequence, functional trait diversity-based tests, hierarchical competition,
interspecific facilitation, secondary succession, niche-based competition, spatial structure

INTRODUCTION

Historic human impacts (i.e., agricultural exploitation) have led
to destruction and degradation of grasslands threatening global
biodiversity (Chapin et al., 2000). Nevertheless, human land use
can also increase a-biodiversity at landscape level in some areas
by creating immediate gaps for additional competitively weak
plant species or by accelerating species differentiation in some
taxonomic groups in the long term (Ellenberg, 1996). In recent
decades, rapid degradation has been observed in the Qinghai
Tibetan plateau (Millennium Ecosystem Assessment, 2005; Lue
et al,, 2011). It has been shown that rates of degradation in these
grasslands have increased by 13-29% over the last 30 years (Lue
etal,, 2011). If these high rates of degradation remain unchecked,
recovery of these degraded grasslands could be slowed or they
could be lost to other land use (Zhang et al., 2013).

The degradation of grasslands in Qinghai Tibetan Plateau may
also constitute an increasing source of carbon emissions to the
atmosphere. Conversely, restoring the severely degraded lands
to perennial vegetation is a valuable approach to sequestering
carbon in degraded systems (Wang et al,, 2005). Therefore,
understanding the processes of grassland plant community
recovery and restoration has been identified as a major
priority for the Qinghai Tibetan Plateau (Li et al, 2013).
More generally, extensive degradation of grasslands has
become a global problem (Millennium Ecosystem Assessment,
2005). Therefore, such research is pertinent for other
regions where restoration is a key component of planning
and development.

However, without a clear understanding of the mechanisms
driving secondary grassland succession, predicting successional
trajectories and understanding how communities recover from
degradation will remain a difficult task (Prach and Walker, 2011).
Such understanding of successional processes has increased
during the past decade by the use of trait-based approaches to
community assembly (Mason et al., 2012; Zhang et al., 2015).
The deterministic view is that for community assembly during
secondary succession, a series of successive abiotic and/or biotic
filters select species with specific life histories (e.g., resource
competitive ability and stress tolerance) (Bazzaz, 1975; Levine
and Murrell, 2003), which should be associated with predictable
change in functional trait diversity (FD) during secondary
succession (Petchey and Gaston, 2006). Here FD represents
the “intra-community values and ranges” of functional traits,
which are components of an organism’s phenotype that in
turn influence ecosystem level processes (Lohbeck et al., 2012;
Buetal, 2014).

Secondary succession in Tibetan highland grassland begins
with colonization, following a stand-replacing disturbance, and
the early colonists (e.g., forb species) are expected to possess
high colonizing abilities (i.e., high dispersal and fast-growing
abilities) (Marcante et al., 2009; Zaplata et al., 2011, 2013).
Thus, initial colonists are expected to show high relative growth
rates given the typical high resource availability (e.g., light
and soil nutrients) at early states (Zhang et al, 2018). This
similarity in life histories and resource requirements of the early
colonists should result in trait convergence (observed FD is less
than expected if trait values were randomly distributed), with
abiotic filtering playing a strong role during early succession
(Grime, 2006). However, resource limitation is expected to
develop over time, and trait convergence should weaken
over time in secondary succession. Trait divergence should
develop if competitive interactions among initial colonists select
dissimilar species in late-successional communities (Grime,
2006; Mason et al., 2012). When slower-dispersing but more
strongly competitive species (e.g., graminoid species) arrive in
late succession, initial colonists will be gradually excluded by
the strong competitors (Hutchinson, 1951; Pulsford et al., 2016)
and the resultant hierarchical competition (species with highly
competitive traits to exclude others with less-competitive traits)
should cause trait convergence (Mayfield and Levine, 2010;
Kunstler et al., 2012) (Figure 1).

Compared to species that face resource limitation or
environmental harshness, species in high stress environments
(i.e, intensive and prolonged UV radiation, extremes of
temperature, and limited precipitation) such as the Qinghai-
Tibetan plateau are likely to experience interspecific facilitation
(Chu et al, 2008). Due to the greater competition between
closely related species, interspecific facilitation may involve
distantly related species during secondary succession (Verdd
etal., 2009) and cause trait divergence. However facilitation may
take place even between closely related species (e.g., congeneric
species) if these species show divergent traits thereby reducing
niche overlap (Beltrdn et al, 2012). In addition the abiotic
environment can also influence the link between interspecific
facilitation and trait dispersion in the resultant community
(Lin et al, 2012; Gallien et al., 2018). Chu et al. (2008)
report that interspecific facilitation was trigged by cold stress in
Tibetan highland grassland and therefore should result in trait
divergence in this plant community. Therefore, if interspecific
facilitation is the dominant community assembly mechanism
during secondary succession, trait divergence should increase
with successional age (Figure1). These distinct patterns of
trait dispersion could be expected when different assembly
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FIGURE 1 | Hypotheses concerning patterns in the relationship between trait dispersion (convergence and divergence) and community assembly processes during

Time after disturbance

mechanisms dominate secondary succession. Consequently,
quantifying the patterns of FD and trait dispersions of
different successional grasslands could provide insight on the
mechanisms of secondary grassland succession in Qinghai
Tibetan plateau.

Here we use a multi-level sampling approach to study
community assembly during secondary grassland succession
after release from agriculture (previously plowed and
agriculturally used) by testing FD patterns in a number of
subalpine ecosystems. In our previous work in grasslands
undergoing succession we found that the rate of sub-alpine
grassland restoration following protection from farming is
rapid, occurring within a short period of about 10 years
(species composition was similar between 10-year grassland
and natural grasslands (without human management) (Zhang
et al, 2013). By measuring functional traits that have direct
influence on survival, growth, and reproduction, we can
test mechanisms of community assembly in action during
succession (McGill et al., 2006; Cadotte et al, 2011). We
therefore compiled a functional trait dataset including one
physiological trait (photosynthesis rate), and two reproductive
traits (seed mass and seed germination rate in the lab),
and the choice of these functional traits was based on the
unique environmental characteristics in the Qinghai-Tibetan
Plateau — intensive and prolonged UV radiation, and the
vast open grassland landscape (Klein et al., 2004). The specific
questions that we test are (1), do grasslands show directional
shifts in plant life history strategies manifest in FD for
three key traits after release from agriculture, and (2) do
the underlying mechanisms that determine trait dispersion
patterns within grasslands change in importance as these areas
recover from agriculture? The answers to these questions
may indicate the possible mechanisms that select plant life
history strategies and influence community assembly following
protection from agricultural exploitation in the Qinghai-
Tibetan plateau. We also propose to use the insight gained

to propose useful restoration strategies for the recovery of
degraded grasslands.

MATERIALS AND METHODS
Study Site

Sampling was carried out in the eastern part of the Qinghai-
Tibetan Plateau, Hezuo, China (34055/N, 102053/E) at a
mean elevation of ~3,000m above sea level. This region is
characterized by a cold dry climate, with a mean annual
temperature of 2.4°C, and a mean annual precipitation of
530 mm distributed mainly during July-August. Local vegetation
including in natural sites is dominated by graminoid species,
such as Elymus nutans (Griseb), Kobresia pygmaea (C. B.
Clarke), and Thermopsis lanceolata (R. Br) (Zhang et al., 2012).
Historic human impacts mainly by agricultural exploitation
have caused serious land degradation (Wang et al, 2005).
In response, local governments have constructed fences to
restrict agriculture to designated areas. These measures allowed
succession and were thus responsible for the emergence of
chronosequences, such as the ones we use in our study. All
our sampled sites, except the control grasslands (without human
managements for at least 40 years), had been used for agriculture
to grow highland barley in the recent past, with cessation of
cultivation within the last 4-13 years. Recovering grasslands
were classified under one of four “successional ages” (4-, 6-, 10-,
and 13-year), based on the number of years since cultivation
had ceased.

In earlier work we reported that recovery of grasslands may
occur within 10 years (Zhang et al., 2013) and that species
composition was similar between 1- and 3-year grasslands
(as of 2009). Counting 3 additional years of time elapsed
since 2009 to our 2013 sampling; we define 4- and 6-year
grasslands as early successional grasslands and 10- and 13-year
grasslands as late-successional grasslands. The time since the
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end of agricultural use has been determined by interviews with
local farmers.

Field Sampling
Sampling was conducted in August (the peak of the growing
season) of 2013 in the study grasslands. Within a large
area near Hezuo city, we identified two spatially distinct
study areas for which farming histories could be reliably
obtained by interviewing local farmers. These two areas (named
chronosequence 1 and chronosequence 2) were 10km apart
and possessed comparable topographic characteristics (e.g.,
orientation and slope) and sites representing each of the five
successional ages of interest (Figure 2). We therefore sampled
two independent replicates for each of the five successional ages,
yielding a total of 10 sites (successional grasslands).

At each site we randomly selected an identified area of
120 x 120m. Subsequently, we arranged 30 quadrats (0.5 x

0.5m) regularly in six parallel transects, maintaining with 20 m
intervals separation between two adjacent sampling quadrats.
In each quadrat, we clipped the aboveground parts of each
vascular plant species and transported to the laboratory to
determine aboveground biomass. This was determined as
dry weight by oven-drying samples at 105°C for 2 days.
Species abundance for species at each successional age was
quantified as the total value of aboveground biomass for
each individual species found within all 30 quadrats of
each site.

Soil Variables Measurement

We collected several microsamples in each of the 30 quadrats
per site and averaged across all sites of the same successional
age to cumulate sampled soil up to 50¢g of topsoil (0-20-cm
depth). We used 20 g of sampled topsoil to measure soil water
content gravimetrically. The remaining 30 g of sampled topsoil

the five successional ages (4-, 6-, 10-, 13-year and natural grassland).

Undisturbed meadow

UndiSturbed mgadow

FIGURE 2 | Location map of study sites in the eastern part of the Qinghai Tibetan plateau, Hezuo, China. (A) Hezuo city (B) locations of ten sites representing each of
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was used for measurement of the important macro- and micro-
nutrients required for plant growth. The elements quantified
were, total nitrogen, phosphorus, potassium, calcium, sulfur,
magnesium, sodium, iron, copper, boron, zinc, manganese, and
molybdenum,; all of which were quantified using X-ray diffraction
on an auto analyzer (D8 DISCOVER X-ray diffraction, Bruker,
CO, Germany). Soil carbon was also measured similarly. Soil pH
was measured using a pH meter (UB-7, UltraBASIC, Denver, CO,
USA) after suspending the soil in KCI.

Collection of Functional Traits

We quantified plant relative growth rate via the photosynthesis
rate. We further quantified two reproductive traits (seed mass
and seed germination rate), which are known to influence
multiple life historical attributes of a plant, including dispersal,
recruitment potential, stress tolerance, and resource competition.
Importantly, for species that occurred in multiple grasslands
of different successional ages, we measured the functional
traits in all grasslands to ensure that intraspecific variation
was appropriately incorporated into our analyses. The specific
details for measuring these three traits are given in the
Supplementary Material.

Statistical Methods

Variation in Functional Trait Diversity for Each of the
Three Traits During Succession

We first tested the correlation between functional trait diversity
(FD) and each of the three traits (photosynthesis rate, seed
mass, and seed germination rate) as a function of successional
age within the two successional chronosequences. Successional
age was rank-transformed to include the natural grassland as a
control. Setting the control grassland to a high succession age
value (>40 years) yielded qualitatively similar and statistically
significant results (P < 0.05). However, the amount of variation
explained was much lower and resulted in an extremely low
influence of control grassland data points (Table S1). Estimating
functional diversity using multiple traits has been criticized
(Chalmandrier et al., 2017), since traits may represent different
niche axes and the aggregated information may obscure certain
assembly rules (Spasojevic and Suding, 2012). Here we chose
to assess FD through mean pairwise distance (MPD) as our FD
index, following de Bello (2012):

MPD = Z d,‘j Di P>
ji

where, dj; is the dissimilarity between species i and j. P; and P; is
the relative abundance of species i (i = 1, 2, ....,s) and species
j (G = 12, ....,8) respectively. The values of dj; ranges from 0
to 1 and is based on using a set of specific functional trait to
calculate Gower’s similarity index (Ricotta and Moretti, 2011).
Evidently, dj; = 0, indicates that trait diversity of species i is the
same as that of species j, and dj; = 1 indicates that trait diversity
of species i is totally different from species j. We chose MPD
because the selected traits (photosynthesis rate, seed mass, and
seed germination rate) are recognized to represent orthogonal
axes of plant strategies and MPD allows determination of FD

for each trait (de Bello et al., 2012). Furthermore, this index
has been shown to be independent of species numbers (Pavoine
and Bonsall, 2011). Using this index to measure FD therefore
minimizes the influence of differences in species numbers.

Trait Dispersion Patterns and Their Determinants

We first compare the observed FD for each of the three traits
within communities to those simulated by random sampling
within a subplot, to test whether the observed trait dispersion
was the result of random distribution, trait convergence, or trait
divergence. The method proposed by Legendre et al. (2009)
employs distance-based Moran’s eigenvector maps (MEM) and
redundancy analysis-based variance partitioning (RDABVP) to
partition FD into variations related to abiotic filtering (due to
measured environmental variables) and dispersal limitation (due
to pure spatial variables) (Myers et al., 2013). We, therefore,
used MEM and RDABVP to quantify the relative contribution
of abiotic filtering represented by spatial soil and topographic
heterogeneity and dispersal limitation manifest in MEM to FD.
On the other hand, the combination of MEM and RDABVP
allowed for disentangling the coupling influences of abiotic
filtering and weaker competitor exclusion on trait convergence
(Zhang et al., 2018). The specific details for performing these two
FD-based tests are as follows.

Comparing the Observed Functional Trait Diversity to
Those From Null Communities

To test whether any observed trait dispersion pattern shows
convergence or divergence or does not significantly differ from
arandom distribution at each successional age, we simulated null
communities in which species and trait values were randomly
distributed. Randomization procedures were applied to calculate
“null” distributions for both species composition (i.e., on the
species X quadrat matrix) and FD of the all species (de Bello,
2012). Reshuffling the species x quadrat matrices at each
successional grassland was performed simultaneously with three
constraints: (i) the same number of species (species richness)
per plot in the simulated and observed data; (ii) the same
number of total species occurrences per region (i.e., number
of plots where the species occur in a successional grassland);
and (iii) a constant total abundance of species in a region (i.e.,
the sum of the number of quadrats occupied in all plots). We
implemented the randomization procedures using the function
“randomizeMatrix” in the “picante” package (Kembel, 2010). We
then compared the observed FD to the simulated FD simulated
in 1,000 randomly assembled communities. Specifically, we
computed the standard effect size index (SES) following Gotelli
and McCabe (2002):

FDobs — FDrandom
SES = (1)
FDsd

where FDobs and FDrandom represent observed FD and
mean simulated null community FD values, respectively. FDsd
represents the standard deviation of simulated FD values.
Wilcoxon signed-rank tests were performed to test whether the
SES significantly differed from zero, and when it did differ from
zero, whether SES was significantly more than or less than zero.
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Non-significant differences from zero, significantly greater than
zero, and significantly less than zero, are indicative respectively
of a random distribution, prevalence of trait divergence, and
prevalence of trait convergence (de Bello, 2012).

Partitioning the Spatial Patterns of

Functional Trait Diversity

We used Moran’s eigenvector maps (MEM) to quantify spatial
autocorrelations in FD represented by MPD for each of the
successional grasslands. MEM was based on the principal
coordinates of neighbor matrix (PCNM) axes (Legendre and
Legendre, 2012) and could be used to describe the spatial
autocorrelations in FD (Zhang et al, 2015). We firstly use
the function of “cmdscale” in “SpacemakerR” package in R
(Stephane, 2013) to calculate MEM. We then used the R function
“poly” to quantify the polynomial terms for each variable
including both linear and non-linear relationships between
abiotic variables and FD. While performing redundancy analysis
(RDA) based variance partitioning, we first used the method
developed by Blanchet et al. (2008) to forward-select significant
abiotic variables among the measured soil variables (soil total
N, C, P K, Ca, S, Mg, Na, Fe, Cu, B, Zn, Mn, and Mu) and
pure spatial variables represented by MEM, associated with FD
across spatial scales. For the significant abiotic variables, we used
box plots to examine trends in means and variances with an
increase in spatial scales. Then, we used variance partitioning
to allocate FD variation to four complementary components: (a)
“purely abiotic variables” (explained by abiotic factors only), (b)
“spatially structured abiotic variables” (explained by both abiotic
variables and spatial autocorrelation in FD), (c) “purely spatial
variables” (explained by spatial autocorrelation in FD only),
and (d) “undetermined variables” (Legendre et al., 2009; Siefert,
2012). At each spatial scale, variance partitioning was done using
the function of “varpart” in “vegan” package in R (Oksanen et al.,
2016). Specifically, variations in observed FD explained by both
purely environmental variables and spatially structured abiotic
variables represent the relative contributions of environmental
variables to observed FD.

RESULTS

Species richness increased from 61 to 82 species during secondary
succession, with 50 species sharing among all five successional
grasslands (Table S2). Moreover, species composition was almost
identical between 4- and 6-year grasslands, with 60 species
sharing between these two grasslands (Table S2). Similar patterns
were found in late successional grasslands, with 70 species shared
among 10-, 13-year, and natural grasslands (Table S2).

We first tested for directional shifts in functional trait
diversity (FD), as measured by mean pairwise distance (MPD),
for photosynthesis rate among these secondary successional
grasslands. We found that FD for photosynthesis rate, decreased
significantly with successional age at both sites (P < 0.01,
Figures 3A,B). For seed mass and seed germination rate the FD
increased significantly with successional age at both sites (P <
0.01, Figures 3C-F).

We then investigated how communities within these
successional grasslands are assembled, by testing trait dispersion
patterns. We found significant convergence for all three traits,
i.e., the SES values were significantly less than zero, for the 4-year
and late successional (10-, 13-year, and natural grassland) site
replicates (Figure 4). Significant trait divergence, i.e., the SESs
significantly greater than zero, was observed only for the 6-year
successional replicate sites for all three traits (Figure 4).

We also used variance partitioning analysis to test the relative
contributions of 11 soil variables to observed FDs for these
three traits. We found that, in 4-year successional grasslands,
soil variables (non-spatial and spatially-structured soil variables)
explained large proportions (from 53 to 64%) of the variations in
FDs for all three traits examined (Figure 5), whereas pure spatial
variables explained only small proportions (from 4 to 16%) of the
variation. However, pure spatial variables were more important
for successional grasslands older than 6 years, explaining 33-53%
of the variations in FD. Soil variables had less explanatory power
(from 5 to 26% of the total variation) in comparison (Figure 5).

Moreover, our forward selection regression analyses showed
that soil pH, SWC, C, P, K, Ca, S, Mg, Na, Fe, Zn, and Mg were
significant predictors of FDs for the three traits only in some
cases, only soil nitrogen has always been significant in all cases
(Tables S3-S5). We therefore used box plots to examine trends
in means and variances in soil N with increase in successional
age. We found soil N values across replicate sites initially
decreased with successional age up to 10-year old grasslands
(Figures 6A,B), and thereafter increased from 13-year to natural
grasslands (Figures 6A,B). However, soil N values for 13-year
and natural grasslands never exceeded the initial (4- and 6-year)
values (Figures 6A,B).

Finally, we tested whether the observed variation in nitrogen
availability, FD, and trait dispersion were related to relative
abundance of the three main functional groups (non-leguminous
forb species, graminoid, and legume species) across successional
age groups. We found that the aboveground biomass percentage
of non-leguminous forb species decreased from 96 to 41% during
secondary succession. The aboveground biomass proportions of
both graminoid species (from 2 to 35%) and legume species
(from 2 to 24%) increased with successional ages in both
sites (Figures 6C,D). Since the highest aboveground biomass
proportions for graminoid and legume species were only 35 and
24% respectively, non-leguminous forb species still made up the
highest percentage of aboveground biomass in all successional
grassland communities in both sites (Figures 6C,D).

DISCUSSION

Community assembly during secondary succession often reflects
an a shift in plant strategies, from high relative growth rate
under low resource competition to low relative growth rate under
high resource competition, with concomitant changes in FD
(Granath et al., 2010; Zhu et al., 2013). Since photosynthesis rates,
seed mass and germination can be associated with a resource
acquisitive-conservation trade-off during succession (Coomes
and Grubb, 2003; Lohbeck et al., 2013), and degraded grasslands
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FIGURE 3 | The variations in FD for photosynthesis rates, seed mass, and seed germination rates for the successional meadows. (A,C,E) Represent FD for
photosynthesis rate, seed mass, and seed germination rate in chronosequence 1, respectively. Likewise, (B,D,F) indicate FD for photosynthesis rate, seed mass, and

can return to natural conditions after abandonment of use,
a significant change in the FD for these traits is observed.
Consequently, the directional changes in FD patterns for three
important traits over succession indicate that deterministic

processes dominate the recovery after release from agriculture
(Lohbeck et al., 2014).

Our trait dispersion patterns (for photosynthesis rate, seed
mass and seed germination rate) reveal the deterministic
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processes (abiotic filtering and biotic interactions) that influence
community assembly during secondary succession. As shown in
Figure 1, the observed trait convergence within early and later
succession age grasslands (4-, 10-, and 13- year, and natural
grasslands) could have been due to both abiotic filtering and
hierarchical competition (Kraft and Ackerly, 2010; Mayfield
and Levine, 2010; de Bello et al., 2012). However, the variance
partitioning results for the present study showed soil variables
to explain large proportions (53-64%) of variations in the
FDs of all the three traits within the 4-year successional
grassland. This supports a strong role for abiotic filtering on
FD for these three traits. In comparison, abiotic filtering only
explained small proportions (from 5 to 26%) of the variations

in FDs within grasslands of 10-year and later successional ages,
including natural grasslands, which argues for a greater influence
of hierarchical competition in late-succession. For 6-year old
grasslands, the SES analysis showed significant divergence for all
three traits, which may result from niche-based competition or
facilitation as the dominant influence on community assembly.
If interspecific facilitation were strongest, trait divergence would
increase with increasing successional age from 6-year old to
the natural grasslands. However, we observed a shift from trait
divergence to convergence with increasing successional age.
This pattern suggests that competitive interactions remained
important in 6-year old and older grasslands, and that increasing
trait convergence could be interpreted as shift in the nature of
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Site 2

competitive interactions, from niche-based in 6-year grasslands
to hierarchical in older grasslands (Hutchinson, 1951).

Soil N availability and functional group composition (non-
leguminous forb, graminoid, and legume species) across
successional ages could provide a possible explanation for the
observed variation in FD and trait dispersion patterns (for
photosynthesis rate, seed mass, and seed germination rate)
during secondary succession. Soil N levels were highest in 4-
year old grasslands and tests of abiotic effects on FD showed
that total soil N was the only significant factor among the
variables we studied. High levels of N in 4-years grasslands
were expected given the recent history of cultivation. The
strong abiotic effects at early successional stages is evidence that
species that thrive in high resource environments dominate at
early stages (Bazzaz and Pickett, 1980; Poorter et al.,, 2004).
These species tend to have high photosynthesis rates, as we
observed for the forb species-dominated 4-year old grasslands.
High levels of N could eliminate competition for nitrogen
and lead to low FD for seed mass and germination rates.
In 6-year grasslands soil nitrogen was lower than in 4-year
grasslands and the observed trait divergence could be interpreted
as due to niche-based competition under low N concentration

(Figure 6). Meanwhile, strong competition for N could also
influence shifts to species with high seed mass and seed
germination rates, leading to greater competitive ability for
N but accompanied by low photosynthesis and low relative
growth rates (Coomes and Grubb, 2003; Turnbull et al., 2008;
Orrock and Christopher, 2010).

Soil N was lowest in the 10-year old grasslands and this
can explain the functional turnover with competitively superior
graminoid species replacing forb species, driven by a shift
from competitive niche differentiation among forb species to
hierarchical competitive exclusion of forb species by graminoid
species (Grime, 2006; Mason et al., 2012). Soil N increased with
successional age from 13-year to natural grasslands, but never
attained the initial, early succession levels. This increase in soil
N was matched by a corresponding increase in the proportions
of N-fixing leguminous plants. The increase in N-fixers with
succession might also have caused strong facilitation between
legume and graminoid species for this subalpine grassland
(Xu et al, 2010; Zhang et al, 2015), which would slow the
exclusion of weak competitors (forb species), thereby weakening
the effects of hierarchical competition in the 13-year and natural
grasslands. This may account for the re-emergence of high
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proportions (from 41 to 50%) of forb species in the 13-year
and natural grasslands. Indeed, there is a species turnover
in non-leguminous forbs between earlier and later secondary
succession (Table S2).

Altogether, it was the relatively high N availability following
the cessation of agriculture that might explain the strong
abiotic filtering and prevalence of high relative growth rate
within 4-year old grasslands. However, N limitation can
develop quickly, and competitive interactions (niche-based
and hierarchical competition) between forb and graminoid
species may assume importance. With the appearance of N-
fixing legume species, interspecific facilitation emerged as an
important contribution to assembly processes in older (10-,
13-years, and natural grassland) grasslands. However, the
interaction between soil N and variations in percentages for
the three main groups (forb, legume, and graminoid) is very
complex. Moreover, the observed convergence and divergence
in FD over secondary succession can only be treated as the
inference of the influences of N-filtering and biotic interactions
on community assembly during secondary succession (Zhang
et al, 2015). Thus, future N-addition and functional group
removal experiments are needed to test the effects of N-
filtering, niche-based competition, hierarchical competition
and interspecific facilitation on community assembly during
secondary succession.

Our results provide insights on how to restore grasslands in
the Qinghai Tibetan Plateau, with potentially wider significance
for similar ecosystems. In the Qinghai-Tibetan plateau,
agricultural exploitation is widespread, and these activities are
degrading the biological and economic viability of these unique
grasslands (Li et al., 2013). Hence, arresting further degradation
and developing viable restoration methods are predominant
concerns in the region. Forb, legume, and graminoid species are
the main functional groups in natural grassland communities
globally (Tilman et al,, 2001; Stevens et al., 2004), but their
proportions can also vary between and within ecosystems,
biotopes and patches (Diaz et al., 2007; Biber et al., 2013; Toth
et al,, 2016; Liu et al., 2017). In the Qinghai Tibetan Plateau,
graminoid and legume species are rare in highly degraded
grasslands, whereas graminoid and legume species are abundant
in natural grassland (Wang et al., 2009). It has been shown that
N is the main limiting resource that controls the functional
group composition of grassland communities (Tilman, 1987;
Dupre et al., 2010; Humbert et al., 2016). Hence understanding
how N availability controls these three groups during secondary
succession is key to develop restoration methods. For primary
succession it was shown that herbaceous legumes can have
their maximum in severe nutrient deficiencies, especially N
(e.g., Zaplata et al., 2013). By testing the relationships between
traits and environmental variables, we have shown changing
N availability differently favors the three functional groups.
In highly degraded grasslands, sequential seeding will help
speedup recovery, as chance colonization is mostly a slower
process. For example, hay seeding has been very successfully
applied in grassland restoration (Donath et al., 2006). Thus,
transplanting seedlings of legume species in early stages
needs to be experimented for its influence on the process of

grassland recovery. Because soil N reconstruction is needed to
facilitate establishment of graminoid species in highly degraded
grasslands, planting seeding of legume species at early stages
may prove to be useful (Wang et al., 2005). As we show, legume
species can also slow the competitive exclusion of forb species
by graminoid species, thereby maintaining high species diversity
in the natural grasslands. Hence, if recolonization rates are
diminished due to isolation or other factors, active seeding
of graminoid and legume species may reduce the hierarchical
competition, which in turn speedup recovery from disturbance.
However, further experimental studies are needed to strengthen
these observations on possible trajectories for restoring
degraded grasslands.

Finally, our data has notable limitations. We included only
10 study sites although from two independent successional
chronosequences, which might limit the power of our analyses.
Moreover, we only measured three functional traits that
capture important aspects of resource competition, growth,
and reproduction. Other functional attributes that reflect
energy trade-offs and allocation, plant defense, and root
functioning which are important and can also influence
community assembly during secondary succession. These aspects
of the recovery of the Qinghai-Tibetan grasslands surely merit
detailed investigation.

CONCLUSIONS

Our results have three implications for degraded subalpine
grasslands in Qinghai Tibetan plateau and allow a first derivation
of interventional options for the restoration of degraded
grasslands. First, deterministic processes induced a shift in plant
strategies, from high relative growth rate under low resource
competition to low relative growth rate under high resource
competition dominate in the recovery of degraded grasslands to
return to natural grasslands. This understanding improves our
predictive abilities and suggests interventional options for the
restoration of degraded grassland lands in the Qinghai-Tibetan
Plateau. Second, since graminoid and legume species assume
greater importance, active seeding of graminoid and legume
species may speedup recovery from disturbance if dispersal
limitation is severe and recolonization rates are diminished due
to isolation or other factors. Finally, due to the close connection
of functional attributes (e.g., growth, colonization, recruitment
and resource competition) and the natural plant community,
monitoring FD and trait dispersion patterns may be a good
way to evaluate the restoration efforts in degraded grasslands in
Qinghai Tibetan plateau. However, our data has limitations as
we include only 10 study sites although from two independent
successional chronosequences, which might limit the power of
our analyses. Moreover, we only measured three functional
traits that capture important aspects of resource competition,
growth, and reproduction. Other functional attributes that
reflect energy trade-offs and allocation, plant defense, and
root functioning which are important and can also influence
community assembly during secondary succession. This merit
further investigation too.
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